The microscopic dynamics for the gel and liquid-crystalline phase of highly aligned D 2 O-hydrated bilayers of 1-palmitoyl-oleoylsn-glycero-phosphocholine (POPC) were investigated in the temperature range from 248 to 273 K by using incoherent quasielastic neutrons scattering (QENS). We develop a model for describing the molecular motions of the liquid phase occurring in the 0.3 to 350 ps time range. Accordingly, the complex dynamics of hydrogen are described in terms of simple dynamical processes involving different parts of the phospholipid chain. The analysis of the data evidences the existence of three different motions: the fast motion of hydrogen vibrating around the carbon atoms, the intermediate motion of carbon atoms in the acyl chains, and the slower translational motion of the entire phospholipid molecule. The influence of the temperature on these dynamical processes is investigated. In particular, by going from gel to liquid-crystalline phase, we reveal an increase of the segmental motion mainly affecting the terminal part of the acyl chains and a change of the diffusional dynamics from a localized rattling-like motion to a confined diffusion.
Introduction
The lipid bilayer is one of the most important self-assembled structures in nature. It regulates the flow of nutrients signaling events between cells and provides a selective barrier for cells and subcellular structures. It is also the structural host for functional proteins that control molecular traffic and cellular communication across the membrane. Membrane phospholipid bilayers are extensively used as model membranes for investigating the biological processes that occur at the cellular level [1] . In the last years, they received an increasing interest owing to a growing number of applications in biophysical and biomedical research, which include the passive transport through biomembranes [2] , the pharmacokinetics of drugs [3, 4] or anaesthetics [5] [6] [7] [8] , and the lodging of membrane proteins [9] . Despite the efforts in studying these properties, many challenges still remain for the proper design of highly performing systems. To successfully apply the biomembrane technologies to real problems, it is necessary to deepen the understanding of the mechanisms that regulate the relative mobility (fluidity) of the individual lipid molecules in the bilayer [10] and to clarify how this mobility is influenced by changes in the environmental conditions (e.g., hydration and temperature) [11] [12] [13] . In particular, the fluidity of the membrane lipid bilayer is believed to play a main role in controlling the cell growth [14] and in modulating the function of transmembrane proteins and membrane enzymes [15] , just to cite some notable examples.
As well known, lipid membranes have a rich phase diagram that is dominated by a main transition temperature, , Journal of Chemistry between the gel phase ( ) and the liquid-crystalline phase ( ) [16] . For most phospholipids of practical interest, the phase transition temperature ranges from 270 to 310 Kelvin; it is higher for those phospholipids with longer tails, whereas the presence of unsaturated carbon bonds reduces . The membrane fluidity critically depends on the structural phase state of lipids. In the gel phase, van der Waals interactions cause highly ordered packing of the acyl chains, which can also be tilted with respect to the lipid bilayer normal, resulting in limited rotational and translational motions. The gel phase is characterized by very low lipid mobility in the bilayer plane [17] . At the gel-liquid transition, the hydrocarbon chains change from an all-trans to a trans-gauche conformation. In the fluid phase, the lipid hydrocarbon chains experience higher translational and rotational mobility compared to the gel phase, resulting in enhanced membrane fluidity [18] .
Several studies have demonstrated the coexistence of gel and liquid phases in living cell membranes [19] and in model membrane as well [20, 21] . Other recent studies have highlighted the existence of a complex collective THz dynamics of phospholipid membrane [22, 23] and of an anomalous trend of the in-plane collective dynamics in crossing the main phase transition [24] . These anomalous vibrational dynamics were proven to be correlated with the formation of short-lived nanometer-scale lipid clusters that play a role in facilitating the passive molecular transport across the bilayer plane [24] .
Consequently, studies addressing the polymorphic phase transitions of phospholipids, the dynamics and conformation of phospholipids in both gel and liquid-crystalline states, and the phase coexistence and phase interconversion in membrane model systems are of utmost importance to better understand the biological function of cell membranes.
In this regard, deeper knowledge of the single-particle dynamics of lipid molecules in bilayers above, at, and below the phase transition is highly desirable.
Recently, we have studied the liquid phase of hydrated DMPC and POPC bilayers [25] by means of quasi-elastic incoherent neutron scattering measurements and have identified three dominant dynamical processes on the ns-ps time scale, ascribed to three different motions of phospholipid molecules: (i) a fast uniaxial rotational diffusion, (ii) conformational, jump-like dynamics of the acyl chain along with threefold rotation of methyl groups, and (iii) overall diffusion dynamics confined within the first-neighbours cages. Here we present an extension of our previous investigation [25] . In this study, we examine the changes in the dynamics of hydrated POPC bilayers in the gel phase and near the gel-liquid phase transition temperature.
Experimental Details and Data Analysis
POPC is a synthetic monounsaturated phospholipid with a phosphocholine head group and one saturated 16:0 fatty acid chain and one unsaturated 18:1 fatty acid chain with two ester carbonyls (see Figure 1 ). Powder POPC was purchased from ROF Corporation. Mica V-1 grade Muscovite KAl 2 (Si 3 Al)O 10 (OH,F) 2 sheets were used as substrate to support highly oriented and hydrated multilayer stacks.
The samples were hydrated with 28 D 2 O molecules per lipid. Details of sample preparation are reported elsewhere [25] .
QENS experiments were performed using the time-offlight spectrometer IN5 at Institut Laue-Langevin, Grenoble, France. The incident wavelength was 8Å and the Q-range covered 0.2-1.3Å
−1 with an energy resolution of 10 eV. All spectra were recorded for the 135 ∘ orientation of planar membrane stacks relative to the incident beam at the temperatures of 248 K and 273 K, respectively, below and close to the gelliquid phase transition temperature of POPC ( = 271 K).
The spectra were corrected for absorption and selfshielding and then converted to dynamic structure factor (Q, ℏ ) and interpolated at constant Q values. Correction for multiple scattering was estimated to be negligible because the sample transmission was ≥90%.
Quasi-elastic neutron scattering can provide valuable information about microscopic dynamics of atoms or molecules on time scale ranging from picoseconds to nanoseconds [26] . It is widely employed in the investigation of biological systems, including phospholipids bilayers [11, [27] [28] [29] . When applied to organic or biological systems, which are hydrogen-rich, neutron scattering spectra are dominated by the high incoherent cross section of H and essentially provide information on single-particle dynamics. In the case of phospholipids, hydrogen atoms are evenly distributed over the molecule and they can act as a marker for average phospholipid diffusion and lipid chain dynamics.
The incoherent scattering function inc (Q, ) in the elastic region is usually separated into an elastic "delta" component, 0 (Q) ( ), and a quasi-elastic component, 1 (Q) ( ), where ( ) is a Lorentzian function, centered on = 0. The "delta" term and the Lorentzian term convey information on the geometry of the diffusion and on the time scale of diffusion, respectively. The fall in the elastic intensity as a function of Q is described by a form factor called the elastic incoherent structure factor (EISF), which is defined as
The exact shape of EISF is indicative of the geometry of the diffusional process and, by a careful line shape analysis of the spectra, it is possible to distinguish different dynamics that can be correlated to specific molecular groups in the system. The bound cross sections for the whole POPC molecule for the component groups and for 28 D 2 O molecules were calculated and listed in Table 1 . To a good approximation, the D 2 O-hydrated sample exhibits only scattering from the phospholipids. In fact, the incoherent scattering cross section for a POPC molecule is about 95% of the total cross section and is due to the predominant incoherent scattering of hydrogen in the biomolecules. Nevertheless, water contribution was explicitly taken into account as described in the supplementary material of our previous study [25] .
Results and Discussion
Similar to what was observed for the liquid phase [25] and in general for all biological macromolecules, the QENS spectral line of the gel phase of POPC/D 2 O system appears to be broadened over a very wide energy range with respect to the resolution function (see Figure 2 ). This feature is a signature of the existence of structural fluctuations on the picosecond time scale. The notable extension of the broadening implies that a single Lorentzian cannot accurately model the spectrum and suggests that more than one dynamic contributes to the quasi-elastic scattering. Thus we analyzed the neutron data following the same procedure and applying the same model used for the POPC liquid phase [25] . The incoherent contribution from the phospholipid dynamics, lip (Q, ℏ ), was calculated as the sum of a delta function ( (ℏ )) and a set of Lorentzians [11, 30, 31] :
The delta function represents the elastic response, while the Lorentzian contributions account for the relaxational motions that cause the quasi-elastic broadening of the elastic peak. The HWHMs (Half Widths at Half Maximums) of the Lorentzian contributions, Γ , are directly related to the characteristic times associated with the motions of the scattering nuclei involved: = ℏ/Γ . Notably, as for the liquid phase [25] , three Lorentzians were required to adequately fit the gel phase of POPC bilayers. An example of the quality of the fit of the gel phase of POPC ( = 248 K) at Q = 0.7Å −1 is shown in Figure 2 . The fitting procedure shows/suggests the presence of a very broad contribution of about 1800-2500 eV, a second contribution of about 80-120 eV, and a narrow contribution ranging from 5 to 15 eV. As already observed in the liquid phase, the values (2) is displayed as a black continuous line. of Γ differ nearly by an order of magnitude over the entire Q-range (data not shown). More precisely, these findings confirm the existence of three dominant dynamical processes taking place on different time scales in both structural phases.
To properly describe each of these dynamics and analyze the effect of temperature on the conformational motions of lipid bilayers, the same microscopic model proposed to Figure 3 : Q-dependence of the experimental EISF fast at = 248 K and 273 K compared with the data at = 298 K taken from [25] . Solid lines are fits to the uniaxial rotation model. In the inset, the temperature dependence of the angular spreads is shown.
describe the hydrogen dynamics for the liquid phase of phospholipid bilayers was considered. In this model, the dynamical structure factor (Q, ℏ ) is described by a convolution of three types of motions (see [25] and supplementary materials therein for more details). Each contribution describes the dynamics for the protons in a specific confined geometry and is represented as the sum of an EISF and an elastic term. The three dynamics evolve on three different time scales: fast, intermediate, and slow.
The fast process occurs on the picoseconds time scale (ℏ/Γ ≈ 0.33 ps) and is believed to describe the hydrogen motion with respect to the acyl carbon atoms that act like a center of mass for a restricted librational motion about the C-H bond direction [25] . Similar to what was observed for liquid crystals [32, 33] , this motion can be described by the uniaxial rotational diffusion model [34] . The corresponding EISF, averaged over all the possible orientations of the bond direction with respect to Q, can be written as follows:
where is the C-H bond length and ( ) is an orientational order parameter dependent on the width of the angular distribution, , which is the only fitting parameter [25] . The experimental EISF for this component is shown in Figure 3 for POPC at the two investigated temperatures, = 248 and 273 K, and compared with the results obtained at = 298 K for the liquid phase [25] . The best-fit curves are also shown. As can be inferred from the figure, the model satisfactorily reproduces the experimental data, suggesting that the fast, small amplitude fluctuation of the bond angle between H and C atoms in the CH 2 groups is responsible for these dynamics. Nevertheless, the possibility that a similar hindered libration of the bond angle takes place also in the methyl groups cannot be a priori excluded. The values of angular spreads, Δ = cos −1 ( ( )), obtained from the fitting procedure, are shown in the inset of Figure 3 as a function of temperature. The increase of Δ value with temperature describes wider spreading of the hydrogen position and can be explained due to the softening of the interchain interactions occurring during the passage from the gel to the liquid-crystalline phase.
The intermediate dynamics are characterized by a time ( = ℏ/Γ) of 6-7 ps, which is the typical time of both the conformational dynamics in the lipid chains and the rotational diffusion of methyl groups [11, 35, 36] . In Figure 4 , the experimental EISF med , derived by the line shape analysis, for the POPC at = 248 and 273 K, are shown and compared with the results obtained at = 298 K for the liquid phase. These data were fitted by means of a simple "bead model": the phospholipid molecule was built up with several linked beads representing head groups, chain segments, head methyls, and tail methyls (see Figure 5) .
In this scheme, the intermediate time scale motion is described in terms of two processes: a two-site jump transition between trans and gauche conformation of carbon atoms in the CH 2 groups and a rotation of the CH 3 methyl groups [25] . It is worth noting that in the present paper the "bead model" was improved by increasing the number of beads modelling the chains. Increasing the number of beads results in the increase of spatial resolution and in the possibility to consider in a more realistic way the chain dynamics of POPC, which shows a rigid cis double bond in the middle of one of the two hydrocarbon chains.
More specifically, the first bead, termed as 0, accounts for the CH 2 groups in the polar head. The other beads, six for the unsaturated and longer (oleoyl) chain and five for the saturated (palmitoyl) chain, account for the segmental dynamics of the chain. Each bead includes two single C-C bonds and can perform a two-site jump motion. Of course each bead displacement is convoluted with that of the preceding beads. The rotational motions of the head and terminal methyl groups, also modelled as small beads, are included in the model.
For the two-site jump dynamics, EISF is given as follows [37] : EISF (Q) = 1 − 2 1 2(1 − 0 (Q )), where 1 and 2 are the probabilities of finding a bead in a trans or gauche conformation, respectively, with ( 1 + 2) = 1. The value of the jump length was chosen to be equal to the distance between the carbon positions in the two conformations: = 2.49Å.
As far as the methyl group dynamics are concerned, they are described by a three-site jump rotational diffusion model, and the corresponding EISF is given by [26] 
The contributions of the two dynamics were conveniently weighted taking into account the sample composition. Furthermore, since the motion of each segment has to be convoluted with the motion of the previous one, the dynamic structure factor (relative to a center of mass, corresponding to the head-tail contact) was obtained as the sum of products of the single contributions. Consequently, the resulting EISF bead for our model has been written as
where , , , and are the fractional cross sections for the CH 3 groups in the polar head, the CH 2 groups in the polar head, the CH 2 groups in the chains, and the terminal CH 3 groups, respectively. Note that and indicate the contribution for the unsaturated and saturated chains. The corresponding fitted curves are shown in Figure 4 and the best-fit parameters of the probability 1 for each bead are given in Table 2 , where they are compared with the data obtained for the POPC liquid phase.
It is worth noting that the quality of the fit for the POPC liquid phase obtained by increasing the number of beads of the model to seven was improved compared to the previous analysis [25] . Furthermore, we observe that the values of 1 decrease nonlinearly as the position of carbon atoms in alkyl chain increases, showing a substantial reduction starting from the fourth bead. This indicates higher motional freedom of the acyl chain in the region below the doublebond position of the unsaturated chain of POPC. This finding suggests that the conformational sampling of the molecules is correctly represented in the level of resolution of the sevenbead model.
The ability of this model to describe the experimental data of both liquid and gel phases of phospholipid bilayers proves that the transition between trans and gauche conformation is a relevant motion for the lipid chain dynamics.
Within the used model, it is possible to evaluate the mean square displacement (MSD) from the jump probabilities 1 and 2: ⟨Δ 2 ⟩ = 1 2 2 /3. In Figure 6 , a plot of ⟨Δ 2 ⟩ as a function of bead position is shown. We observed that in the gel phase a residual motion associated with anti-gauche transition is only observed in correspondence of the terminal part of the chain. Conversely, rising the temperature, these dynamics become even more relevant and involve about half of chain at , engaging up to 2/3 of the chain when bilayers are in the liquid phase. The results for the jump length/rates and the MSD are consistent with those previously obtained on similar systems by neutron scattering techniques [31, 38, 39] , even if the details of the chain motion are modelled by different approaches. The nonlinear increase of the motion's amplitude when moving down the chain can be associated with the order parameter obtained by NMR measurements in similar systems [40, 41] . Finally, we have examined the EISFs relative to the slow dynamics of the POPC gel phase (ℏ/Γ ranging from 40 to 350 ps). Analogously to what was reported for the liquid phase [25] , we assume that the slow component is associated with the translational mobility of the whole phospholipid and we describe it as a center-of-mass motion.
As first step, we adopted the same model used for the liquid phase [25] , that is, a continuum diffusion inside a cylindrical shape. Anyway, this model resulted to be unsuitable to describe the experimental EISF at and below the main transition temperature (data not shown).
Conversely, we obtained a fairly good description using a simpler model similar to that described by (4) and based on the convolution of two jump diffusions for the in-plane and off-plane displacements, respectively. Within this framework, assuming that, in long times, a two-state equilibrium with 1 equal to 2 is reached, EISF of the slow motion can be written as follows:
Here the fitting parameters ‖ and ⊥ are the jump distances for the in-plane and off-plane displacements, whereas the angle between the exchanged wave-vector → Q and the displacement → is defined by the detector positions and the sample orientation.
In Figure 7 (a) the experimental EISF and the fitting curves for the phase at and below the main transition are reported and compared with the results for the liquid phase obtained by the continuous diffusion model inside a cylinder [25] . In Figure 7 (b) the best-fit values for ‖ and ⊥ as a function of temperature are shown. Note that the displacements for the liquid phase reported here are the diameter and the height of the confining cylindrical region.
It is worth observing that the structure factor increases as the temperature is decreased, indicating that by going from the liquid to the gel phase the motion becomes more and more restricted. Furthermore, while the in-plane displacement exhibits a nearly linear increase with temperature, the perpendicular component shows saturation. This is consistent with the fact that the transition from the liquid into the gel phase involves a drastic decrease in volume and area of the lipid molecules, which results in significant strengthening of the van der Waals attractive forces in the lipid bilayer. The increase in the packing density of acyl chains imposes geometrical constraints that restrict the local diffusion of lipid molecules, affecting mainly the out-of-plane direction. It is also reasonable to consider the observed saturation as a consequence of the limited protrusion allowed for phospholipids packed in a bilayer. We infer that the inadequacy of the model of diffusion into a cylinder in describing the slow dynamics at and below the main transition should indicate that the phospholipid diffusion in the gel phase is rattling-like with short jumps around a quasi-equilibrium position [42] , while in the liquid phase the dynamics, although rather confined, evolve into a continuous diffusion. However, because of the limited instrumental resolution, we are not able to identify with certainty a diffusive motion outside the confinement region for both liquid and gel phases.
Conclusion
The microscopic dynamics of lipid multibilayer POPC system in the gel phase and at the gel-liquid phase transition were investigated by means of incoherent quasi-elastic neutron scattering and compared with the dynamics previously observed in the liquid phase. In both phases, the line shape analysis of the QENS spectra revealed the presence of three contributions to the global dynamics of phospholipid. Such contributions take place on well-separated time scales and were ascribed to different parts of the phospholipids, that is, local hydrogen libration, segmental acyl tails motion, and overall diffusion. The present analysis is based on the refinement of a model, recently developed to describe the ps time scales dynamics for the liquid phase of bilayers. This model was revealed to be more accurate and suitable for describing the dynamics of more complex phospholipids characterized by unsaturated and asymmetric chains.
Through the analysis of the temperature dependence of EISF, it was possible to infer that the gel to liquid phase transition entails (i) softening of the interchains interaction, (ii) an increase of the segmental motion occurring in the final part of the acyl chain, and (iii) a change of the diffusional dynamics from a very localized rattling-like motion to a confined diffusion.
This study provides valuable data for characterizing the dynamical behaviour of lipid bilayers. The simplicity of the model allows for its application in studying various subjects such as lipid raft and more complicated cases where functional components are included in the membrane bilayer.
